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Temperature-dependent measurements of the pulsed light-current characteristics of InGaN
light-emitting diodes that were thermally annealed at different temperatures have been investigated.
A distinct light output, at a fixed current density, with operating temperature arises where the light
output increases as the operating temperature is reduced from 300 K, reaches a maximum, and then
decreases with subsequent reductions of the operating temperature. We observe that light-emitting
diodes thermally annealed at higher temperatures, which is believed to increase the number of
electrically activated acceptors in the p layers, have a lower light output below 300 K and the
maximum light output shifts to higher operating temperatures. Measured absorption and emission
spectra show that the thermal anneal process has not affected the structure of the quantum wells
within these samples. The light output, for a fixed current density, has been simulated as a function
of operating temperature, and we find that by changing the concentration of acceptor atoms,
compensating donor atoms, and the hole mobility in the p layers, the trends observed experimentally
can be reproduced. On the basis of the simulations we find that the distinct behavior of the light
output with operating temperature is due to the combination of Shockley-Reed-Hall recombination,
at operating temperatures around 300 K, and electron drift leakage, at operating temperature below
300 K, and the increase of the acceptor concentration results in an increased electron drift leakage
due to the change of the concomitant hole mobility. The simulations support the view that the
experimental observations can be explained through changes of the acceptor concentration in the p
layers when the thermal anneal temperature is increased. © 2006 American Institute of Physics.
DOI: 10.1063/1.2165405I. INTRODUCTION
Optoelectronic devices fabricated with GaN-based mate-
rials are of technological importance as emitters and detec-
tors over the entire visible wavelength range and deep into
the ultraviolet. The advances in the growth techniques of
GaN and the alloys with In and Al, along with the successful
p doping of GaN, have been the major steps making the
production of lasers and light-emitting diodes LEDs pos-
sible.
To achieve successful p doping of GaN, magnesium
Mg atoms are generally used as the p-type dopant. How-
ever, the acceptor atom is usually electrically inactive after
growth as hydrogen H can form a complex with the accep-
tor atom during the postgrowth cooling process.1 Therefore,
the Mg atom has to go through two processes to produce
holes in the material. The first is electrical activation of the
Mg acceptor atom in the lattice to create an acceptor and the
second is the normal thermal ionization process, where the
operating temperature and acceptor ionization energy lead to
a fraction of the acceptors being ionized to produce free
holes. Electrical activation of Mg can be achieved through a
number of methods: low-energy electron-beam irradiation,2
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thermal annealing with oxygen,6 and the use of laser irradia-
tion to induce activation.7 Through these methods the Mg–H
complex is broken and the Mg forms an electrically active
acceptor, though the H can form a compensating donor if not
completely removed.8,9 However, the larger increase of the
acceptor concentration compared to the compensating donor
concentration results in an overall increase in hole concen-
tration. These postgrowth steps can dramatically reduce the
resistivity1–4 and increase the hole concentration in the layer
compared to as-grown Mg–GaN Refs. 4–7 and are critical
steps in the production of efficient LEDs and lasers. Through
the analysis of Hall-effect measurements, where the
temperature-dependent carrier concentration is measured, the
acceptor and donor concentrations and the acceptor ioniza-
tion energy can be determined. Postgrowth steps such as the
examples above are usually required when the growth pro-
cess involves H and temperatures above 1000 K are used, as
is common in metal-organic vapor-phase epitaxy MOVPE,
whereas molecular-beam epitaxy MBE growth of Mg–GaN
occurs below 1000 K and H is absent, producing electrically
active p-type GaN without the need for postgrowth steps.10
The postgrowth step of thermal annealing in nitrogen is
an established and widely used method of activating the Mg
atoms in the p layers grown by MOVPE. In this work we
© 2006 American Institute of Physics7-1
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anneal temperature on the optical performance of MOVPE-
grown InGaN multiple quantum well MQW LEDs through
measurement of the light-current LI characteristics as a
function of temperature and the absorption and emission
spectra. We demonstrate that the thermal anneal temperature
can affect the temperature dependence of the LI characteris-
tics even though no noticeable change of the absorption
spectrum of the InGaN quantum wells QWs is detected. We
have used the device simulator11 SIMWINDOWS to simulate
device operation and to find that by changing the number of
activated acceptors and compensating donors present in the
p-doped layers and the concomitant hole mobility we can
produce similar behaviors for the temperature dependence of
the light output as those found experimentally. Analysis of
the simulated results provides us with evidence that carrier
loss from the QWs is significant in GaN-based LEDs and is
dependent upon the acceptor concentration and hole mobil-
ity, giving further evidence that the conditions of the thermal
anneal step can affect device performance.
II. EXPERIMENTAL METHODS AND RESULTS
The sample investigated was initially designed for laser
studies and was fabricated into LED devices for this work.
The structure was grown by MOVPE on a sapphire substrate.
After a nucleation layer, 2 m of nominally undoped GaN
and 4 m of n-type Si–GaN were grown, followed by 2 m
of highly doped Si–GaN. A 650 nm n-doped superlattice
structure which consisted of 125 pairs of Al0.18Ga0.70N–GaN
was grown followed by 150 nm of undoped GaN, the
InGaN–GaN active region, 150 nm of undoped GaN, a 625
nm p-doped superlattice structure consisting of 125 pairs of
Al0.18Ga0.70N–GaN, and then capped by a 300 nm p-doped
Mg–GaN layer. The active region consisted of ten 2.5 nm
In0.10Ga0.90N QWs embedded between 7.5 nm GaN barriers
and was followed immediately with a 20 nm p-doped
Mg–Al0.30Ga0.70N electron-blocking layer. The growth tem-
perature of the p-type layers was 1220 K. Figure 1 shows a
schematic band diagram of this InGaN/GaN MQW LED
structure.
After growth four pieces of the sample were annealed
individually at temperatures of 700, 750, 850, and 900 °C in
a thermal annealer for 20 min in nitrogen prior to the fabri-
cation into LEDs. The LEDs were fabricated together under
the same conditions, and each had an emitting area of 2
10−8 m2 and produced emission at 415 nm under electrical
bias. The LI and emission characteristics of the LEDs were
measured using pulsed electrical injection; a pulse length of
500 ns with a pulse rate of 1 kHz was used, giving a duty
cycle of 0.05%, to reduce the self-heating effects that occur
in continuous-wave operation.
The pulsed LI characteristics were measured as a func-
tion of operating temperature for each sample; the LI results
for a LED from the sample annealed at 900 °C are shown in
Fig. 2. The LI characteristics display a slight superlinear be-
havior for all temperatures investigated, which was also ob-
served for the LED samples annealed at lower temperatures.
An LED in which all the recombination was radiative would
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suggests that a nonradiative recombination mechanism,
which has a weaker dependence on carrier density than ra-
diative recombination, is present in these samples. Unlike
this work, in previous reports on InGaN LEDs, sublinear LI
curves have been measured12–14 and Pope et al.14 have
shown that drift-diffusion leakage from the QW produces the
sublinear behavior and that the drift rate is dependent upon
the electrical properties of the p-type GaN cap layer. Despite
the different shape of the LI curves for the samples in this
paper, we will show that drift-diffusion leakage cannot be
ignored and that the superlinear shape of the LI characteristic
is due to a combination of radiative, Shockley-Reed-Hall,
and drift-diffusion leakage current.
At a fixed current density, for example, as indicated by
the dashed line in Fig. 2, the light output increases with
operating temperature from 260 to 280 K where it reaches a
maximum and then decreases with subsequent increases in
the operating temperature up to 340 K. This distinct behavior
of the light output with operating temperature has been re-
ported previously by other groups for other InGaN–GaN
FIG. 1. Schematic band diagram of InGaN/GaN QW LED structure, where
the AlGaN superlattice is represented as a bulk material with an average
composition of 9% and the ten InGaN QWs within the active region are
represented by two QWs.FIG. 2. Light-current curves for an LED annealed at 900 °C.
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sample annealed at 900 °C, was also observed in the LED
samples annealed at lower temperatures. The values of the
light output for a fixed current density of 25 A cm−2 are
shown in Fig. 3 for all anneal temperatures. At operating
temperatures around 300 K, Fig. 3 indicates no significant
difference in the light output between LEDs from samples
annealed at different temperatures unlike the results reported
by Youn et al.15 where the electroluminescence at 20 mA
decreases with increasing thermal anneal temperature and is
attributed to “large fluctuations in the In content or phase
segregation” in the QWs during annealing. In our study, as
the operating temperature is lowered below 300 K, the light
output for all four LED samples increases before decreasing
again at still lower temperatures. In addition the sample an-
nealed at 700 °C has the highest increase in the light output
while the sample annealed at 900 °C has the lowest increase.
The maximum light output from the LED annealed at 900 °C
is about four times less than the maximum light output
achieved from the LED annealed at 700 °C. Additionally the
operating temperature at which the maximum light output
occurs differs for the LED samples where the LEDs annealed
at 700 °C have a maximum light output at 240 K while the
LEDs annealed at 900 °C have a maximum light output at
290 K.
The absorption spectrum of each LED has been mea-
sured using edge photovoltage absorption spectroscopy.16
Figure 4a shows the measured absorption spectra for the
four LED samples and are typical of InGaN QWs, where the
absorption increases slowly with increasing energy.14 The ab-
sorption spectra of the InGaN QWs obtained from all four
LEDs are similar, suggesting that the different thermal an-
neal temperatures have not caused any detectable differences
between the LED samples. Previous studies have shown that
intermixing of the InGaN QWs and GaN barriers can occur
during thermal annealing.17–21 Our absorption results imply
that any intermixing of the InGaN QW and GaN barriers
within these structures has not occurred over the range of
anneal temperatures 700–900 °C used in this study. Our
results are consistent with previous studies where a thermal
anneal temperature of 900 °C was not sufficient to cause any
structural changes within the active region. Chuo et al.18 re-
FIG. 3. Light output at a fixed current density 25 A cm−2 vs temperature
for the LEDs annealed at temperatures of 700, 750, 850, and 900 °C.ported that thermal annealing at 900 °C produces photolumi-
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higher thermal anneal temperatures are used a blueshift of
the PL is detected as a result of intermixing, while the work
of McCluskey et al.21 shows that it is not until a thermal
anneal temperature above 1200 °C is used that a blueshift is
detected in the spontaneous emission. The electrolumines-
cent emission spectra of the LEDs annealed at different tem-
peratures are shown in Fig. 4b for a current density of
20 A cm−2, from which there is no discernable evidence that
the different thermal anneal temperatures used have caused
any change in the InGaN QWs. The wavelength at which the
peak intensity occurs does differ slightly between the LEDs
though the full widths half maximum FWHMs of the spec-
tra are similar with value of FWHM=18 nm. The LED
sample annealed at 850 °C emits at shorter wavelengths
while the LED sample annealed at 900 °C emits at longer
wavelengths. The other two samples emit at wavelengths in
between these two; therefore there is no pattern to link the
behavior of the emission with the anneal temperature of the
samples. We suspect that the small differences observed in
the emission spectra are due to small differences in the car-
rier density in each well and the resultant effect of band
filling and screening of the piezoelectric field.22 As described
later the carrier density in the wells can be different even
though the current densities are the same and so the small
differences in the emission spectra are not evidence of any
change in the quantum wells themselves. In summary, there
is no evidence from the absorption and emission measure-
ments that the active region has been affected by the differ-
FIG. 4. a Photovoltage absorption of the InGaN QWs and b electrolu-
minescence spectra at 25 A cm−2 for the LEDs annealed at temperatures of
700, 750, 850, and 900 °C.ent thermal anneal temperatures.
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To understand what cause the different behaviors in the
LI characteristics with operating temperature, we have simu-
lated how the light output varies with operating temperature
for InGaN LED structures. If we assume that the effect of
postgrowth annealing is to vary the acceptor and donor con-
centrations in the material, we can explore the effects of
annealing by modeling the operation of the device for differ-
ent dopant concentrations. We have used the device
simulator11 SIMWINDOWS which is a one-dimensional drift-
diffusion simulator which solves electrical, optical, and ther-
mal equations for a described structure and was developed
and successfully used to analyze vertical cavity surface-
emitting lasers VCSELs.23 The simulator includes Fermi
statistics and incomplete ionization of the dopants. To sim-
plify the structure the AlGaN superlattice is treated as a con-
tinuous AlGaN layer with an average Al composition of 9%
as shown in Fig. 1. The parameters which are common to the
three structures are given in Table I, while in the following
sections we discuss the critical aspects of our analysis.
The temperature dependences of the hole concentration
and of the hole mobility are important in this study as they
are both affected by the change of acceptor concentration.
Furthermore, through the conductivity, they both affect the
electric field across the p layers as described in the work by
Pope et al.14 The electric field is given by
E =
J
epTpT
, 1
where J is the sum of the radiative and nonradiative current
densities in the active region, e is the electronic charge, pT
is the temperature-dependent hole concentration, and pT
is the temperature-dependent hole mobility. In the simulation
the hole concentration is calculated using the acceptor con-
centration, the donor concentration, and acceptor ionization
energy. As discussed earlier the thermal anneal step and the
temperature used increases the acceptor concentration, and a
compensating donor concentration can be present though this
is generally an order of magnitude less than the acceptor
concentration.24–27 The values of the acceptor and compen-
sating donor concentrations and the hole mobility for our
samples are not known so we have used values measured on
GaN samples with acceptor concentrations of 2,4 , and 8
19 −3 24–26
TABLE I. Parameters common to the three structures used in the simulation.
Parameter Value
Electron mass 0.2mo
Heavy-hole mass 1.6mo
Light-hole mass 1.6mo
Spin-orbit mass 0.17mo
QW radiative recombination coefficient cm2 s−1 310−8
QW nonradiative lifetime ns 1.5
Barrier nonradiative lifetime ns 0.5
Electron mobility cm2 V−1 s−1 900
GaN band gap eV 3.4
Valence-band offset 0.6710 cm . In Table II the values of acceptor concen-
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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ization energy are given for p-GaN, which were determined
from the analysis of experimental temperature-dependent
Hall measurements24–26 are given along with the correspond-
ing value of the hole concentration at 300 K.
We assume that the p-AlGaN cladding and electron-
blocking layers, shown in Fig. 1, have the same acceptor
concentration within each sample and that the donor concen-
tration in AlGaN is 10% of the acceptor concentration which
is consistent with measurements by Tanaka et al.27 We also
assume that the acceptor concentration increases in a similar
manner to p-GaN, so that the acceptor concentration in Al-
GaN rises in proportion to an increasing acceptor concentra-
tion in p-GaN. However, the value of the acceptor concen-
tration in each case is assumed to be smaller than that in GaN
and the ionization energy is larger—see below so that a
smaller hole concentration approximately 21016 cm−3 is
produced to be consistent with experimental data.27,28 The
acceptor ionization energy is assumed to increase with Al
composition at a rate of 3 meV per percentage of Al Ref.
29 producing ionization energy values, 194 meV 8% and
260 meV 30%, which are similar to those in the work by
Lee et al.;30 the values for the acceptor concentration, com-
pensating donor concentration, acceptor ionization energy,
and hole concentration in AlGaN are given in Table II.
To ensure consistency we have, in addition to using the
hole concentration versus reciprocal temperature data of
Refs. 24 and 25, also used the hole mobility versus tempera-
ture data from the same publication.24,25 The published mea-
sured data show that the presence of increased acceptor and
donor concentrations causes the hole mobility to decrease at
300 K, from 15 cm2/V s for an acceptor concentration of 2
1019 cm−3 to 3 cm2/V s at an acceptor concentration of
81019 cm−3; the mobility values used for our three samples
are given in Table II. In addition the peak hole mobility
moves to higher temperatures with increasing acceptor con-
centrations such that for 21019 cm−3 the peak occurs at
19 −3
TABLE II. Values of the acceptor concentration NA, donor concentration
ND, acceptor activation energy EA, hole concentration p, and the hole
mobility p used in the simulation at 300 K within the p-doped layers for
the three simulated structures.
p-GaN NAcm−3 21019 41019 81019
NDcm−3 21018 21018 51018
EAmeV 175 170 160
pcm−3 51016 1.51017 81017
p-AlGaN NAcm−3 31017 61017 121017
NDcm−3 31016 61016 121016
8% Al
EAmeV 194 194 194
pcm−3 1.31016 1.51016 1.71016
30% Al
EAmeV 260 260 260
pcm−3 1.71015 1.71015 1.71015
pcm2/V s 15 6 3150 K while for 810 cm the peak occurs at 350 K.
ct to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:
1 Feb 2014 10:43:38
024507-5 Thomson et al. J. Appl. Phys. 99, 024507 2006
 [This arFor the p-AlGaN system there is a lack of published hole
mobility data as a function of temperature for different Al
compositions, and hence we have assumed that the hole mo-
bility in all the p layers is the same within the simulated
example. The work by Tanaka et al.27 shows that the hole
mobility for AlGaN with 8% Al has similar values to GaN
around 300 K and we assume that the temperature depen-
dence is also the same as for GaN.
IV. SIMULATED RESULTS
The simulated light output versus temperature at a fixed
current density of 25 A cm−2 for the three samples with dif-
ferent activated acceptor concentrations is shown in Fig. 5.
The simulated results shown in Fig. 5 reproduce the trends
observed experimentally in Fig. 3. A decrease in the light
output and a shift of the maximum light output to higher
temperatures are observed in the simulated results below 300
K when the activated acceptor concentration is increased and
hole mobility is reduced. Above 300 K the simulated data
reproduce similar values for the light output for the three
different acceptor concentrations. If only the activated accep-
tor concentration which changes the hole concentration in
the p-GaN layer is changed, which is of course contrary to
the published results that also shows a change in the
mobility,24,25 the simulated data do not reproduce the trends
observed in the experiment. We conclude that the effect of
varying the acceptor and donor concentrations and the hole
mobility in our model does reproduce the experimental be-
havior with anneal temperature.
Through the simulated data we are able to identify the
mechanisms that lead to the distinct light output behavior
with temperature. At high temperatures the electrons can
thermally escape out of the QW; however, the AlGaN
electron-blocking layer prevents a substantial fraction of
them from being lost from the core of the structure. The
initial increase in the light output as the temperature is low-
ered from 320 K is a result of improved electron confinement
in the QWs. By comparing simulations of the structures with
and without the AlGaN blocking layer, we determine that the
presence of the blocking layer increases the electron popula-
FIG. 5. Simulated light output vs temperature at a fixed current density
25 A cm−2 for samples with acceptor concentrations NA of 2,4 , and 8
1019 cm−3 in the p-GaN layer.tion in the QWs near the blocking layer but also increases the
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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barrier nonradiative recombination Shockley-Reed-Hall
that leads to a reduced light output even though most of the
carriers are not lost from the core of the structure. In Fig. 6
the nonradiative current component within the barrier re-
gions is shown as a function of temperature for a structure
with an acceptor concentration of 41019 cm−3, the other
two structures provide similar curves.
We find that electrons are lost from the core of the struc-
ture to the p-type GaN layer through drift leakage. The elec-
tron drift leakage current component as a function of tem-
perature for the three simulated structures is also shown in
Fig. 6. The leakage component increases as the temperature
is lowered for all the structures and increases when the ac-
ceptor concentration is increased and the hole mobility is
decreased. Note that the increase in electron leakage current
with increasing acceptor concentration occurs because the
decrease in hole mobility accompanying the increasing ac-
ceptor concentration has a larger effect. The values for the
leakage current may seem small, i.e., 1–2 A cm−2, but
when compared to the total current density, 25 A cm−2, the
drift leakage is significant. In Fig. 7a the simulated
conduction-band profiles at operating temperatures of 300,
240, and 180 K for a structure with an acceptor concentration
of 41019 cm−3 are shown. At 300 K the p side of the struc-
ture is slightly tilted due to electric fields that are produced
across the p-doped layers. Figure 7b shows a magnified
diagram of the active region and the p-AlGaN electron-
blocking layer. The electric field across the p-AlGaN la-
beled A electron-blocking layer is considerably larger than
the fields across the p-AlGaN strained layer superlattice
SLS labeled B and p-GaN labeled C layers. As the tem-
perature is decreased, the electric field across the p layers
increases due to the decrease of the hole concentration and
the temperature-dependent hole mobility as described by Eq.
1, resulting in an increased electron leakage through drift as
shown in Fig. 6. Hence, the electron population in the QWs
decreases and as a consequence the light output reduces.
Overall the effect of the increased electron confinement
in the QWs competes with drift electron leakage to produce
FIG. 6. Simulated current densities of drift leakage for acceptor concentra-
tions NA of 2,4 , and 81019 cm−3 and nonradiative recombination in the
barriers for an acceptor concentration of 41019 cm−3.the distinct temperature dependence of the light output. Fig-
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as we mimic the samples with three different anneal tem-
peratures which have different acceptor concentrations and
mobility in the p-doped layers. The electric field across the
p-AlGaN electron-blocking layer increases by about 10% as
the acceptor concentration goes from its lowest to its highest
value. However, the electric field across the p-AlGaN SLS
increases more substantially for the higher acceptor concen-
tration; raising the acceptor concentration from 21019 to
81019 cm−3 produces an increase of the electric field from
6.5103 to 1.58104 V cm−1, an increase of more than a
FIG. 7. a Simulated conduction-band profile of the active region at 180,
240, and 300 K for a structure with an acceptor concentration of 4
1019 cm−3 in the p-GaN layer; the arrow shows the increase of tempera-
ture. The p-Al0.30Ga0.70N electron-blocking layer is labeled A, the p-AlGaN
SLS is labeled B, and the p-GaN cap layer is labeled C. b Magnified
conduction band of the QWs and p-Al0.30Ga0.70N electron-blocking layer.
FIG. 8. Simulated conduction-band profiles at 240 K for structures with
acceptor concentrations of 2,4 , and 81019 cm−3; the arrow shows the
increase in acceptor concentration NA.
ticle is copyrighted as indicated in the article. Reuse of AIP content is subje
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The combination of the increasing electric fields across the
p-AlGaN layers as the acceptor concentration is raised re-
sults in the increase of leakage current as shown in Fig. 6.
The distinct light output as a function of temperature is
therefore due to a competition between the increased electron
confinement in the QWs and leakage by drift.
V. CONCLUSIONS
In conclusion, the light output versus temperature char-
acteristics have been measured for InGaN/GaN QW LEDs
which were annealed at different temperatures. All four of
the LED samples produce a distinct light output with tem-
perature which increases as the operating temperature is de-
creased from room temperature, reaches a maximum, and
then decreases with subsequent decreases in operating tem-
perature. It is found that an increase of the thermal anneal
temperature, which is believed to activate the acceptors in
these LEDs, results in a change in the temperature depen-
dence of the light output at a fixed current density. At tem-
peratures below 300 K the light output decreases and the
peak light output shifts to higher operating temperatures
when the thermal anneal temperature is increased. Through
measurement of the absorption and emission spectra it is
found that the increased thermal anneal temperature has no
effect on the QWs within the structures. The light output
versus temperature has been simulated using SIMWINDOWS,
and it is found that by changing the concentration of acceptor
atoms and consequentially the concentration of compensat-
ing donors and the hole mobility, the trends observed in the
experimental results can be reproduced. At operating tem-
peratures around room temperature it is found that nonradi-
ative recombination in the barrier regions is significant as
electrons can thermally escape from the wells but are pre-
vented from being lost to the contact by the AlGaN blocking
layer and hence populate the barriers. When the operating
temperature is decreased the thermal escape of the electrons
from the quantum well reduces, but it is found that the elec-
tric fields across the p-doped layers increase which results in
increased drift leakage. Additionally when the acceptor con-
centration is raised, drift leakage increases due to larger elec-
tric fields across the p-doped layers due to the concomitant
change in hole mobility. The combination of the nonradiative
recombination and the drift leakage combine to produce the
distinct temperature behavior of the light output. Therefore,
it can be concluded that the experimental observations can be
attributed to changes of the acceptor concentration and mo-
bility in the p layers when the thermal anneal temperature is
changed.
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